In this paper, we demonstrate a new promising resonance Raman (RR)-based method for the determination of Fe 3+ concentrations in aqueous solutions. Iron ions were quantified at a low concentration range by employing hydroxylamine hydrochloride as the reductant, and phenanthroline as the complexing agent, thereby reducing Fe 3+ to Fe 2+ . The addition of Fe 3+ to the detection reagent resulted in a rapid color change from colorless to orange-red, together with an obvious new RR band appearing at 1459 cm -1 . Herein, the RR intensity of the phenanthroline-Fe 2+ complex strengthened with increasing Fe 3+ concentration, which was identified from the variation of the Raman spectra. Therefore, we successfully detected Fe 3+ at lower concentrations using the proposed method, illustrating its great potential for the detection of Fe 3+ with abundant RR fingerprint information. More importantly, the proposed method exhibited a wide liner range from 0.05 to 10 μg/mL.
Introduction
Iron is an essential trace metal element involved in numerous biological processes as either an iron-containing protein or enzyme. Its levels must be controlled within a very narrow limit: too little will cause iron deficiency anemia, and too much can lead to a number of adverse effects. Iron is one of the most common and essential elements in metallurgy, chemical, environmental and biological fields; understanding its chemical behavior is necessary not only in academic research, but also in industrial technology, which has important significance.
The current research methods used to investigate Fe 3+ in solution include atomic absorption spectrometry, 1 mass spectroscopy, 2 polarography, 3 and the potassium dichromate method, 4 which can determine these ions in different samples simultaneously. Of these analytical methods, colorimetric 5, 6 and UV-Vis spectrophotometry [7] [8] [9] [10] [11] [12] techniques are widely used owing to their rapidity and simplicity. However, due to the low Fe 3+ /Fe 2+ content in tap water, the overlap of absorption spectra in the bright area and the unsuitability of the superimposed curve for quantitative evaluation, 13, 14 these traditional methods have typically been used to simultaneously determine iron and other ions in plating solutions, circulating water, desalinated water, and feed.
Resonance Raman (RR) spectroscopy, in which the Raman intensity of certain molecular vibrations are strongly enhanced when the excitation wavelength of the Raman scattering approaches an absorbance maximum of an electronic transition, is an important analytical method with high sensitivity and selectivity. 15, 16 RR spectroscopy can provide a rich set of photo physical properties and a great deal of fingerprint information on a single component in a mixture, and has therefore been applied to a wide variety of fields, such as photocatalysis and metal ion detection. As a promising and ultrasensitive analytical tool, RR spectroscopy is an effective method for the determination of iron ion concentrations because of its rapid and highly sensitive analytical capability to determine the molecular structure of samples based on fingerprint information. 14, 17, 18 This method has also been implemented in a number of analyses, such as analytical testing, surface science, and biomedical research, in different regions. 19 Phenanthroline is typically employed as a chromogenic agent in colorimetric and spectrophotometric assays of Fe 3+ /Fe 2+ ions because water-soluble metal complexes form between the ions and agent [20] [21] [22] [23] 
Experimental

Reagents and chemicals
Iron(III) nitrate nonahydrate [Fe(NO3)3 9H2O], hydroxylamine hydrochloride, sodium acetate (NaAc), sulfuric acid (H2SO4) were purchased from Beijing Chemical Works, and phenanthroline (1,10-phenanthroline) was purchased from Aladdin Industrial Corp. All of these reagents were of the highest purity available and used as received without further purification.
Ultrapure water (18.0 MΩ cm -1 ) was used throughout the present study.
The acetate buffer solution (0.1 mol/L, pH 5.6) used in this study contained 8.0203 g of NaAc and 2 mL of H2SO4 in 100 mL of water.
Preparation of RR-based metal ion detection reagents
Reagent A was prepared with 0.0724 g of Fe(NO3)3 9H2O and 2 mL of an H2SO4 solution in water; Reagent B consisted of a 100 g/L hydroxylamine hydrochloride solution; Reagent C consisted of a 1 mol/L NaAc solution; Reagent D consisted of a 1.5 g/L phenanthroline solution.
The working reagent solutions were prepared by mixing 1, 0.8, 0.6, 0.4, 0.2, 0.1 mL of Reagent A each with 0.2 mL Reagent B. After 5 min, 1 mL of Reagent C was added to each, and the solutions were then mixed.
Pretreatment of metal ion samples
To determine the metal ions concentrations, the iron ion concentrations of 10, 8, 6, 4, 2, 1, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05, 0.01, 0.001, and 0 μg/mL (blank sample) were prepared for the RR-based assay. The assays, consisting of 1 part phenanthroline sample and 1 part prepared working reagent, were carried out at room temperature (25 C) with distilled water. The final solution was diluted with acetate buffer and the final pH was 5.6.
Instruments
The RR spectra were recorded on a Jobin Yvon/HORIBA LabRam ARAMIS Raman spectrometer equipped with a liquid cell holder. The radiation from an air-cooled frequency-doubled Nd:Yag laser (532 nm) was used as an excitation source. The UV-Vis spectra were recorded on a Shimadzu UV-3600 spectrophotometer.
Results and Discussion
Colorimetric and absorbance spectroscopy-based methods for iron ion determination
Iron is the most abundant trace element in the body, existing in hemoglobin and participating in the transport of oxygen and carbon dioxide. A lack of iron likely causes anemia and metabolic disorders, and affects the body's immune function. Determining the Fe 3+ concentration is of great importance in environmental and food analyses. The detection of metal ion concentrations with phenanthroline was based on colorimetric and absorption spectra-based assays in previous studies. These previous methods are widely used in daily monitoring applications because they more directly and simply detect Fe 3+ , but they cannot achieve much lower detection limits. Herein, we first employed a traditional method to detect iron ions. Figure 1 shows an optical image of solutions containing different iron ion concentrations. As shown in Fig. 1 , the color of the phenanthroline solution containing Fe 2+ (which is reduced by hydroxylamine hydrochloride) is directly related to the Fe 3+ concentration. Meanwhile, the addition of Fe 3+ resulted in a color change from colorless to orange-red, which indicated a variation of the conformation of phenanthroline (as shown in Scheme 1). However, a noticeable color change was not observed at lower Fe 3+ concentrations (below 0.1 μg/mL). The UV-Vis absorption spectra of phenanthroline in the presence of Fe 3+ are displayed in Fig. 2 , illustrating the spectral changes of the phenanthroline-Fe 2+ system with increasing concentrations of Fe
3+
.
The maximum absorption of phenanthroline at 280 nm decreased gradually and shifted to longer wavelengths as the Fe 3+ concentration increased. Eventually, the maximum absorption wavelength formed at 510 nm. When the concentration of Fe 3+ was higher than 0.05 μg/mL, the peak at 280 nm simultaneously disappeared, gradually. Corresponding, the color of the phenanthroline solution changed from colorless to orange-red. These significant spectral and color changes indicate that the complex between phenanthroline and Fe 2+ formed gradually, and that phenanthroline is a sensitive naked-eye indicator of Fe 2+ . Further, according to the UV-Vis spectra (Fig. 2) , the measured absorbance at 510 nm varied as a function of the Fe 3+ concentration, which is an indication that the composition of the phenanthroline-Fe 2+ complex was stable. Testing obvious changes in the absorption spectra at much lower concentrations of Fe 3+ (below 0.1 μg/mL) and at 6 -10 μg/mL proved to be difficult.
RR of the phenanthroline-Fe 2+ system for the quantitative determination of Fe
3+
RR spectroscopy provides fast, simple, highly sensitive and nondestructive qualitative and quantitative analyses. Furthermore, RR has been widely used to detect proteins 24 and aqueous-phase organic matter, 25 and also in research on concerning the structure of oxidases. 26 In the present work, RR spectroscopy successfully detected Fe 3+ at lower concentrations. This technique produces a great deal of fingerprint information for each constituent of a mixture, which is conducive for quantitative analysis of the target. Figure 3 shows the RR spectra of the phenanthroline-Fe 2+ complex with different concentrations of Fe 3+ . The intensities of the Raman bands at 1459 cm -1 , assigned to phenanthroline, increased with increasing Fe 3+ concentrations. When the concentration of Fe 3+ was higher than 0.05 μg/mL, the RR spectra of the phenanthroline-Fe 2+ complex were very different from that of phenanthroline. and R 2 is the linear correlation coefficient.) Compared with UV-Vis spectroscopy, this RR-based method can be used to detect Fe 3+ at much lower concentrations with higher sensitivity. The RR spectra of the phenanthroline-Fe 2+ system provide information about the interaction between phenanthroline and Fe 2+ . In addition, the proposed RR-based method exhibits two much wider linear relationships between 0.05 to 1.0 μg/mL and 1.0 to 10.0 μg/mL (Fig. 4) , which can be employed to quantitate Fe 2+ over a wider range (from 0.05 to 10.0 μg/mL).
Effect of coexisting ions on the RR method
Metal ions co-occur in many real samples, necessitating an effective and rapid method for their determination. In this experiment, we considered the effect of different coexisting ions in the proposed system (Figs. 5 and 6 2+ and Ni 2+ , the color of the solution changed from orange to colorless due to the rigid structure of the three rings in the conjugated plane; the electron density of the nitrogen atom on the aromatic ring is strengthened, and the electron cloud density is higher, which is beneficial to the effective electron energy transfer between atoms. Phenanthroline is a strong π electron acceptor that has π* anti-bonding orbital and can form a bond with the central metal ion through feedback π interactions. Overall, when Co 2+ , Cu 2+ and Ni 2+ are present, the color of the solution changed significantly.
Conclusions
We successfully employed an RR method for determining Fe 2+ based on a phenanthroline-Fe 2+ system. Furthermore, this method is much more sensitive and faster than the traditional spectral methods, such as UV-Vis spectroscopy. The large amount of fingerprint information that was obtained using the RR effect was utilized to analyze the water sample. Meanwhile, unknown concentrations of Fe 3+ were quantified from the calibration curve. The proposed RR-based method has many potential advantages: simple and easy operation, a very low detection limit for the rapid and ultrasensitive detection of Fe 3+ , and a large amount of fingerprint information generated for each constituent of a mixture. In summary, this method can more effectively measure iron in water samples containing other ions.
